Delayed 18F-2-fluoro-2-deoxy-D-glucose ( 18 F-FDG) positron emission tomography (PET) imaging has been associated with improved diagnostic yield in several malignancies; however, data on the use of delayed imaging in patients with hepatocellular carcinoma (HCC) is scarce. This study aimed to examine tumoral and background standardized uptake value (SUV) alterations in dual-phase 18 F-FDG PET/computed tomography (CT) imaging. Fifty-two HCC cases underwent dual-time-point 18 F-FDG PET/CT examination where early and delayed images were obtained. The maximum and mean SUVs (SUVmax and SUVmean) of the tumor were determined for both time points. Similarly, the average SUVmean were also determined for background (liver, soft tissue, and spleen). Changes in tumoral and background SUV between early and delayed images were examined.
Introduction
Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver (70%-85%) [1] representing the sixth most common type of cancer and third leading cause of cancer deaths worldwide. [2] Most cases of HCC (70%-90%) develop on the grounds of chronic liver injury.
18F-2-fluoro-2-deoxy-D-glucose (
18 F-FDG) positron emission tomography (PET) is a noninvasive imaging modality used for diagnosis, staging, restaging, and monitoring treatment response in a variety of malignancies. [3] However, its utility in patients with HCC is somewhat controversial due to differential FDG uptake depending on HCC differentiation. Well differentiated HCC display low uptake of 18 F-FDG, whereas poorly differentiated HCC is associated with high uptake, leading to reduced ability of 18 F-FDG to detect the former group of lesions and increased ability in the latter. [4] [5] [6] [7] 18 F-FDG PET has a sensitivity between 50% and 70% in detecting HCC. [8, 9] Previous publications have suggested that delayed imaging is associated with improved diagnostic yield as compared to standard imaging methods in a number of different malignancies including lymphoma and lung cancer. [10, 11] However, literature on the use of delayed imaging in patients with HCC is scarce. Koyama et al [12] failed to detect significant contributions of delayed imaging in HCC patients. Lin et al [13] reported improved image quality with delayed imaging, and Wu et al [14] used the semiquantitative data obtained from dual-phase images to support diagnosis.
This study was undertaken to examine tumoral and background standardized uptake value (SUV) alterations in dualphase 18 F-FDG PET/computed tomography (CT) imaging and to investigate the potential diagnostic contributions of dual-phase imaging in patients with HCC.
Methods

Patients
The study included 52 hepatocellular cancer cases that underwent dual-time-point 18 F-FDG PET/CT examination between February 2015 and March 2017 for their follow-up. The study protocol was approved by the institutional ethics committee (dated, January 2017; No. 09.2017.018) and written informed consent was obtained from all patients.
The diagnosis of HCC was based on histological proof in 16 patients and multidisciplinary consensus according to the noninvasive criteria of the American Association for the Study of Liver Diseases (AASLD) in 36 patients. [15] Of the 52 patients, 37 had not been treated and 15 had received transcatheter arterial embolization therapy for more than 10 weeks (ranged between 10 and 49 weeks, mean: 19.2 weeks) before the FDG PET/CT study. All tumors were >2 cm (mean tumor size: 73.35 mm; range, 20-195 mm) in diameter on CT images.
18 F-FDG PET/CT imaging
All patients underwent 18 F-FDG PET/CT examination at the nuclear medicine department. The FDG PET/CT studies were performed using a combined PET/CT machine (Discovery-16 LS; GE Healthcare, Waukesha, WI). All patients were imaged after fasting for a minimum of 6 hours except for water and medications. All patients were required to have <200 mg/dL blood glucose level prior to injection. 18 F-FDG (5 MBq/kg) was injected intravenously. Whole body images from skull base to midthigh were obtained 60 ± 10 minutes after the injection (early images). Low-dose CT was performed for attenuation correction using the following parameters: 80 mA, 140 kV, and 5 mm slice thickness. PET images were obtained in 6-8 bed positions lasting 3 minutes each. The delayed imaging focusing on the liver was performed 135 ± 15 minutes after intravenous injection (delayed images) on the same scanner. PET images were reconstructed with and without correction for attenuation using an iterative algorithm then displayed for reading as sagittal, axial, and coronal views on Advantage Windows Workstation 4.5; GE Healthcare (GE Advantage, Buc, France).
Imaging data analysis
All images were examined on GE Advantage workstation by 2 experienced nuclear medicine specialists. For quantitative analysis of lesion uptake, regions of interest (ROIs) for the tumors were placed using an isocontour that included all voxels having at least 80% of the maximum radioactivity concentration. In case of no distinct tumor uptake, ROI was identified by magnetic resonance imaging or CT guidance. The maximum and mean SUVs (SUVmax and SUVmean) of the tumor were determined. ROI (circles 15 mm in diameter, 11.6 pixels) were drawn on nontumorous areas of the liver at depths of 15 and 25 mm from the liver capsule on the upper, middle, and lower third of the right lobe, respectively, at a depth of 15 mm from the liver capsule on the left lobe, and at a depth of 15 mm from the splenic capsule on 3 areas of the spleen as background. Additional soft tissue ROIs were positioned on 2 areas of the lumbar paravertebral muscle as background. The average SUVmean within background ROI was then calculated. Care was taken to avoid biliary structures and major portal, arterial, and venous vessels for background ROI. Liver, soft tissue, and spleen indexes were calculated by dividing tumor SUVmax and SUVmean by corresponding liver, soft tissue, and spleen average SUVmean for early and delayed scans. Tumor size was determined using the criteria established by the Response Evaluation Criteria in Solid Tumors (RECIST) group. [16] 2.4. Statistical analysis SPSS (Statistical Package for Social Sciences) version 21 was used for the analysis of data. Data are presented in mean ± standard deviation or number (%), where appropriate. Hypothesis tests and graphical methods were used to test the normality of the distribution. For the comparison of 2 SUV at the 2 time-points, Wilcoxon signed-rank test was used. The significance of the differences between subgroups was statistically analyzed with Mann-Whitney U test. Spearman Correlation analysis was performed to reveal correlation between SUVs with tumor size. A P value <.05 was considered the indication for statistical significance.
Results
Fifty-two patients were included in the study. The mean age was 62.0 ± 12.9 years (range, 20-88 years) and the majority of the patients were men (86.5%). Either hepatitis B or C positivity was present in 78.9% of the patients. Table 1 summarizes demographical and clinical properties of the patients.
Tumor SUVs, both tumor SUVmean and tumor SUVmax, significantly increased at delayed images when compared to early images ( Table 2 ). In contrast, average SUVmean for the liver, spleen, and soft tissue significantly decreased at delayed images. Table 3 shows early and delayed tumor SUVs corrected for liver, spleen, and soft tissue (i.e., indexes). In line with uncorrected tumor SUVs, all indexes for tumor SUVmax and tumor SUVmean Data presented as mean ± standard deviation. SUV = standardized uptake value.
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Medicine significantly increased at delayed images when compared to early images. Similar relations were found when the subgroup of patients with distinct tumor uptake (n = 44) were examined, that is, increasing tumor SUVs over time in contrast to decreasing liver, soft tissue, and spleen SUVs (Fig. 1A-D) . However, when small subgroup of patients without a distinct tumor uptake (n = 8) was analyzed, only significant increases in tumor SUVmax spleen index (1.8 ± 0.5 vs 1.6 ± 0.5, P = .02) and tumor SUVmean spleen index (1.3 ± 0.4 vs 1.1 ± 0.3, P = .02) and a significant decrease in average spleen SUVmean (1.4 ± 0.1 vs 1.6 ± 0.1, P = .01) was observed when compared to early images ( Fig. 2A-D) .
There was a positive correlation between tumor size and tumor SUVs in early and delayed images (P < .001), but no significant correlation was found between tumor size and tumor SUV changes over time (Table 4 ). The histopathologic grade of differentiation was high (grade I) in 7 patients, moderate (grade II) in 8 patients, and poor (grade III) in 1 patient. There was no statistical significant difference between these groups (Table 5) . We were not able to compare the only one poor differentiated patient in Table 5 .
According to RECIST criteria, partial regression was reported only in 6 patients and progression was seen in 8 patients and 1 patient had stable disease in the follow-up period of patients who had received transcatheter arterial embolization. [16] There were no significant differences found in SUVs and corrected tumor SUVs for liver, soft tissue, and spleen obtained at 2 time-points (i.e., early vs delayed) between the patients who had received transcatheter arterial embolization and nontreated patients (Table 6 ). In addition, in the subgroup of patients without distinct tumor uptake, none of them had received transcatheter arterial embolization.
Discussion
In the present study, a significant increase in SUV at delayed images was found in HCC lesions that exhibit higher FDG uptake than normal liver parenchyma in early images (P < .001). No significant correlation was found between tumor size and tumor SUV changes over time. On the basis of the number of patients/ lesions assessed, this represents the second most comprehensive study in the literature examining delayed FDG uptake in HCC patients. Because of a decline in background average SUVmean as well as an increase in the contrast between the tumor and the background plane, the lesions can be more clearly visualized in delayed images. In the light of these findings, it would be more appropriate to interpret a suspicious new lesion in favor of malignancy, if there is a significant increase in SUV at delayed images in HCC patients.
Despite some studies suggesting an increased FDG uptake in lesions of malignant character, this is not a universally reported finding. [10, 11, 17] Nishiyama et al [18] observed higher SUVs in delayed images of tumoral lesions, whereas liver metastases could only be discerned in delayed images in 2 patients. Kubota et al [10] www.md-journal.com found higher FDG uptake in malignant lesions in patients with lung cancer, mediastinal metastatic lymph nodes, and lymphomas, whereas bone lesions of multiple myeloma were associated with reduced FDG uptake in delayed images. Furthermore, Kubota et al detected a tendency to diminish in FDG uptake over time in the normal liver tissue, consistent with our observations. Beaulieu et al showed that in untreated locally advanced breast cancer, SUV of lesions with minimal FDG uptake are more likely to remain stable/diminish over time. [19, 20] This is in line with the assertions of Cheng et al, [19] who proposed that dual-phase imaging in the differential diagnosis of pulmonary nodules with minimal affinity for FDG may be suboptimal. [21, 22] Similarly, dual-phase imaging has been reported to have a limited role in characterization of lesions with no FDG affinity in patients with pancreatic cancer. [19, 23] When a consideration is given to studies of dual-phase 18 F-FDG PET/CT in HCC, it appears that in the study by Koyama et al [12] 9 of the total 18 HCC lesions could be detected in early images, and of the remaining 9 lesions, only 1 (1/18, 6%) could be differentiated from the normal hepatic parenchyma in delayed images. In the study by Lin et al [13] involving 16 lesions in 12 HCC patients, of the lesions that could not be separated from normal liver parenchyma in early images, only 1 (1/16, 6%) Data presented as mean ± standard deviation. SUV = standardized uptake value. Table 4 The statistical correlation of SUVs with tumor size.
P
Early tumor SUVmax r = 0.571 P < .001 Early tumor SUVmean r = 0.551 P < .001 Delayed tumor SUVmax r = 0.498 P < .001 Delayed tumor SUVmean r = 0.501 P < .001 Delayed-early tumor SUVmax difference r = 0.030 P = .84 Delayed-early tumor SUVmean difference r = 0.132 P = .35
Data presented as mean ± standard deviation. SUV = standardized uptake value.
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Medicine could be detected in delayed images. A comparison of our findings with those of Koyama et al and Lin et al (2/34 detected with delayed images in total; 6%), our study has failed to provide further evidence for additional diagnostic contribution of dual imaging (n = 52).
In the most recent publication by Wu et al [12] [13] [14] involving 124 patients with HCC, as well as in our study, the tumor/ background SUV ratio showed an increase in delayed images. Wu et al [14] are at odds with the findings reported by Lin and Koyama, reported no additional lesions that could be detected in delayed images only, and found significantly higher tumor SUVmax and tumor SUVmax/background SUVmean ratios in grade III tumors as compared to grade II tumors. In that study, tumor SUVmax of the 4 lesions which considered as grade I was reduced in delayed images. There was no statistical significant difference between grade I (n = 7) and grade II (n = 8) patients (Table 5 ) in our study. This inconsistency in the results can be due to the small number of histopathologically diagnosed cases in our study.
Utility of C-11 acetate in PET imaging of HCC patients has also been investigated, with high reported rates of sensitivity (87.3%) in the diagnosis well differentiated HCC. [24] Huo et al. found that dual-phase C-11 acetate PET imaging may effectively differentiate between primary HCC and focal nodular hyperplasia. [25] 18 F-FDG is phosphorylated to FDG-6-P after being transported into the cell by glucose carriers, and it reflects the local glucose metabolism in the cell due to its inability to proceed to glycolytic and oxidative pathways in contrast with glucose. In cells with a high content of glucose-6-phosphatase enzyme such as normal liver parenchymal cells, FDG-6-P is dephosphorylated by glucose-6-phosphatase, leading to its efflux from intracellular compartment to the extracellular compartment with a consequent and gradual decline in FDG-6-P accumulation over time. [26, 27] In malignant cells, however, FDG-6-P accumulation and increased SUVs are observed due to increased hexokinase activity and decreased glucose-6-phosphatase activity. Okazumi and Torizuka, [4, 28] in their multicompartment model for examining FDG transport and metabolism in HCC patients, proposed that SUVs should be measured after tumor FDG concentrations reach a plateau. Okazumi also reported differential k4 levels reflecting the activity of glucose-6-phosphatase in HCC lesions, with 45% of the HCC lesions having similar k4 content with the adjacent liver parenchyma, whereas k4 was almost zero in metastatic tumors and cholangiocellular cancers. [28] These investigators also classified HCC lesions based on the FDG uptake in the adjacent liver parenchyma as follows: type 1 lesions, high FDG uptake; type 2 lesions, comparable FDG uptake; and type 3 lesions, low FDG uptake. In type 1 lesions, elevated k3 reflecting higher hexokinase activity than the adjacent liver parenchyma as well as low k4/k3 ratios have been reported, whereas type 2 lesions had similar k4/k3 ratios and type 3 lesions had high k4/k3 ratios. [28] Torizuka et al [4] detected higher hexokinase activity and SUVs in high-grade HCC lesions than low-grade HCC lesions. Also, a predisposition for higher glucose-6-phosphatase activity in low-grade HCC was found as compared to high-grade HCC; these authors reported that 18 F-FDG PET results were associated with in vitro enzymatic activity of glucose and they reflect the degree of differentiation in HCC lesions. [4] Shiomi et al [29] found a correlation between tumor/background SUV ratio and tumor doubling time, with significantly lower survival in patients with a ratio exceeding 1.5. Differences in FDG uptake of patients with or without distinct tumor uptake in our study may be explained by differences in k4/k3 ratios.
The major limitation of our study is the absence of a histopathological diagnosis in a significant proportion of patients (36/52; 69%). Histopathological confirmation is not considered the criterion standard approach for a diagnosis of HCC, and we attempted to overcome this difficulty by using the typical diagnostic radiological appearance (arterial contrast enhancement, portal wash-out) as proposed by the AASLD guidelines. Another important limitation is the small number of patients (n = 8) who did not exhibit significant FDG uptake both in early and delayed images. Because of the scarcity of published studies on dual-phase imaging and HCC and also due to the fact that only 2 of the patients/lesions could be discerned in delayed images rather than the early images in those studies, we believe that our findings may have a value for future studies in this field. Also, inclusion of patients with benign liver lesions in our series could have provided more clear-cut information on the diagnostic performance of dual imaging. Data presented as mean ± standard deviation. SUV = standardized uptake value. Table 5 The statistical comparison of grade I HCC with grade II HCC patients.
Grade I (n = 7) Grade II (n = 8) P The heterogeneity of the cohort is another limitation of our study. The study population included both patients who had received transcatheter arterial embolization and nontreated patients. Despite this limitation, there were no significant differences between these groups (Table 6 ). Therefore, we can predict that the statistical results of the patients who had received trans-catheter arterial therapy did not have a statistically negative effect on the results.
Conclusion
In our study, a significant increase in tumor SUV and tumor/ background SUV ratio was found in delayed images in HCC patients undergoing dual phase FDG PET/CT examination. Further studies with larger sample sizes including patients with benign lesions and different grades of disease are warranted to better elucidate the diagnostic contribution of this statistically significant increase in delayed images as well as the association of delayed imaging values with prognosis.
